Abstract-The paper presents a collaborate control for the rotorside converter (RSC) and grid-side converter (GSC) of a doubly fed induction generator (DFIG) generation system during network unbalance. In this study, the RSC is controlled to reduce the torque ripples, and three selectable control targets for the GSC, i.e., balanced total currents, and constant total active or reactive power into the grid from the overall system are identified to reduce the impacts of the negative-sequence voltage on the DFIG system performance. A reduced-order generalized integrator is employed, which is implemented in the positive synchronous reference frame. Based on the math model, the impacts of the limited dc voltage, as well as the rejection capability on negative-sequence voltage of the proposed control strategy, have been investigated. Finally, the simulation and experimental results are provided to demonstrate the effectiveness of the proposed collaborative control strategy.
In [8] and [9] , the improved rotor current control schemes are designed for the rotor-side converter (RSC) under severe and short-time balanced fault conditions. Then, focused on the network voltages with low imbalance factor for a long time, several investigations have been proposed to improve the DFIG system performance [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . The typical RSC control strategy employs two proportion integral (PI) current regulators implemented in the positive and negative synchronous reference frame, respectively [10] [11] [12] . However, the sequence decomposing process of both positive-and negative-sequence components in the control loop is inevitable, which would introduce the time delay and degrade the dynamic performance. The study in [13] and [14] proposed a current control scheme using proportional integral plus resonant (PI-R) regulators to implement the precise control of both positive and negative-sequence currents. In [10] [11] [12] [13] [14] , the calculations of the rotor current references are based on the positive-and negative-sequence voltages. Besides, these calculations are highly dependent on the generator parameters. In [15] and [16] , the compensating rotor voltage was calculated by either the calculated compensating rotor current values [15] or the generator torque ripples [16] . The compensation controllers must be particularly designed and the current controllers must be carefully tuned, which is a computational burden for digital signal processor (DSP) based implementation.
Similarly, the operation of gird-connected voltage-source converter (GC-VSC) on the unbalanced voltage have been studied in [17] [18] [19] , in which the dual current controllers implemented in both the positive and negative synchronous reference frame [17] , a PI-R implemented in the positive synchronous reference frame reference frame [18] and a proportional plus resonant (P-R) implemented in the stationary reference frame reference frame [19] are adopted.
However, these investigations are only focus on either DFIG or grid-side converter (GSC). In order to improve the operation capability and output power quality of DFIG system to satisfy the requirements, it is necessary to develop a collaborative control strategy for DFIG's RSC and GSC. In the previous studies [20] [21] [22] [23] , several coordinated control schemes based on a dual PI current controller [20] or a main controller implemented and an auxiliary controller [21] , or a PI-R current controller [22] , or a P-R current controller [23] , have been proposed. From the view of the specific grid codes and the operation requirements, three alternative control targets for GSC, i.e., balanced and sinusoidal total currents, constant total active power or reactive power are identified in [23] to improve the grid connection 0885-8969 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
performance and output power quality. However, in these coordinated controls, the sequential decomposition of the voltages is still necessary, which may cause a negative impact on the dynamic responses. The control targets implementation is dependent on how accurately the command current values can be calculated, which requires the accurate DFIG system parameters.
The main objective of this paper is to develop a collaborative control strategy for both DFIG's RSC and GSC under the unbalanced grid voltage, which can achieve the different control targets for the overall DFIG system, i.e., balanced total currents, constant active power or reactive power. In this scheme, reduced-order generalized integrators (ROGIs) are employed to eliminate the calculations of the negative sequence current references and the decompositions of the positive-and negative-sequence voltages and currents. Thus, a simple implementation can be obtained and the dynamic responses of the DFIG system can behave faster and smoother. This paper will be organized as follows. Section II briefly describes DFIG typical performance during network unbalance. In Section III, a control scheme consisting of PI regulators and ROGIs tuned at twice grid frequency is designed, where three control targets are identified. Then, the impacts of the limited dc voltage and the rejection capability of the negative-sequence voltage are analyzed in Sections IV and V. Sections VI and VII present the simulation and experimental results, respectively. Finally, Section VIII draws the conclusions.
II. DFIG BEHAVIOR DURING NETWORK UNBALANCE
For a DFIG system, the main objective of RSC is to regulate the stator output active and reactive powers while the GSC maintains the common dc-link voltage. Since the detailed model of both DFIG's RSC and GSC during network unbalance has been investigated in [10] - [11] , [17] , and [26] , the useful descriptions for the demonstrations in the following sections are given here.
A. RSC (DFIG)
The DFIG model in this study is based on the stator voltage orientation (SVO). All the voltages and currents contain both positive-and negative-sequence components of the unbalanced voltage. Thus, these terms can be expressed on the basis of positive-and negative-sequence components in the positive (dq) + and negative (dq) − synchronous reference frame as
where vector F represents voltage U, current I, and flux ψ, ω 1 is synchronous angular speed, superscripts +, − represent (dq) + and (dq) − reference frame, subscripts +, − represent the positive-and negative-sequence components, subscripts d, q represent components at the d-q axis, subscripts s, r represent the stator and rotor, respectively. Fig. 1 
where R s and R r are stator and rotor resistances, ω r is rotor angular speed, and + frame can be represented as
where
is the leakage factor and E rdq is the equivalent rotor back electromagnetic force and given as
According to (1) , assuming that the stator resistance is ignored [13] , [26] , (2a) can be written as
Under the unbalanced supply, the stator current contains both positive-and negative-sequence components. According to (1) and (6), the stator current can be expressed as
Consequently, by neglecting the stator copper loss, the stator active and reactive powers outputted can be calculated as [10] , [13] , P s = P s0 + P s2 = P s0 + P ss2 sin(2ω 1 t) + P sc2 cos(2ω 1 t)
Similarly, based on (6), the electromagnetic torque is given as [10] , [13] (10) where
B. GSC
The GSC behaves as a GC-VSC under unbalanced supply. The voltages and currents consist of both positive-and negativesequence components. Thus, the GSC under unbalanced supply can be represented in the (dq) + frame as
where U + gdq refers to the control voltage produced by the GSC
In [13] and [17] , the active and reactive power from the GSC to the network can be expressed as
Accordingly, the total current and powers into the network from the overall DFIG system can be represented as (16) where subscript t represents the overall system. According to (9) , (14) , and (16), the power of DFIG system into the grid can be calculated and expressed as ⎡
where subscript X = s, g, t represents the stator power, the GSC power, and the total power into the grid, respectively.
Since the d-axis in the (dq) + reference frame is aligned with the positive sequence stator voltage, (11) and (17) can be simplified by taking into account U + sq + = 0 in the SVO model.
III. COLLABORATIVE CONTROL OF BOTH RSC AND GSC

A. Control Design
In order to enhance the uninterrupted operation capability of DFIG system, a collaborative control scheme is adopted for DFIG's RSC and GSC. This collaborate control can provide the overall DFIG system with enhanced performance and high output power quality to meet the system requirements, including balanced total current, constant total active or reactive power. This control scheme is implemented in the positive (dq)
+ synchronous reference frame. The positive-and negative-sequence fundamental components are converted into the dc signals and twice-order harmonic signals of 2ω 1 , respectively. As indicated in [24] , PI controllers can only regulate the dc components of the feedbacks (positive-sequence fundamental components) to track the dc references due to the lower amplitude responses at high frequencies. Thus, the average active and reactive powers can be still regulated by PI controllers. A generalized integrator tuned at the twice grid frequency can be selected to suppress the 2ω 1 components. Although both ROGI and second-order generalized integrator (SOGI) can provide the infinite gain with the certain sinusoidal signal, ROGI can provide a discrimination capability between the positive-and negative-sequence signals, which is an attractive feature, as shown in the followings. Fig. 2 shows the collaborative control scheme for DFIG's RSC and GSC under unbalanced voltage conditions. The proposed scheme consists of two regulators in either RSC or GSC: 1) PI current controller; and 2) ROGI tuned at twice grid frequency, providing infinite gain only to −2ω 1 ac signals. The PI controllers and 2ω 1 ROGIs transfer functions are given as
where k p , k i , and k r are the proportion, integral and resonant gain in the continuous-time system, respectively, ω c is a cutoff frequency for determining the width of the frequency 2ω 1 , which is generally set around 5-15 rad/s, similar to SOGIs [23] . In RSC, since the generator torque ripples may deteriorate the lifetime of the drive shaft and mechanical units, it is necessary to eliminate the twice frequency torque ripples when DFIG works on the unbalanced voltage. Different from the solutions in [20] [21] [22] [23] to control the negative-sequence rotor currents tracking the commanded values, it is noted that the torque is directly regulated by a ROGI tuned at −2ω 1 in the proposed control strategy. The negative-sequence rotor voltage reference is generated directly by controlling the torque instead of controlling the rotor currents; thus, the calculations of the negative-sequence current references based on the positive-and negative-sequence voltages can be eliminated. Thus, based on (10), the feedback references of this ROGI can be given as
This ROGI can only provide the high gain for the selected −2ω 1 ac signals, while the ac signals of other frequencies and the dc signals can be blocked. In other words, the ROGI only regulates the 2ω 1 components of the torque and has no control capability of other frequency components. Thus, the torque can be used to replace the twice frequency ripples as the feedback references of the ROGI. Since the ROGI can almost achieve zero steady-state errors at 2ω 1 , the twice frequency ripples can be eliminated if the commanded reference of the ROGI in the RSC can be set as zero, i.e., C * RSC = 0. During the balanced grid conditions, the torque is constant without 100 Hz ripples and the ROGI's output is zero. Thus, ROGIs have no impacts on the rotor current control loop of the active and reactive power regulation. However, during network unbalance, since the torque contains 100 Hz ripple, as analyzed previously, the ROGI's output is a vector rotating in the negative direction. The d-and q-axes components of this vector are added to the d-and q-axes rotor voltage references produced by PI controllers in the rotor current control loop. Then, the required rotor voltages are generated, which can be used to control the DFIG.
As for the GSC, PI controllers in the current control loop are used to maintain a common dc-link voltage regardless of the magnitude and direction of rotor power flow. In the view of the grid requirements, the GSC can be controlled to achieve one of the following targets [23] .
Target I: To ensure balanced total currents from the overall system into the network, i.e., I
To ensure no double-frequency oscillations in the total active power, i.e., P ts2 = P tc2 = 0.
Target III: To ensure no double-frequency oscillations in the total reactive power, i.e., Q ts2 = Q ts2 = 0.
For these control targets, by using the proposed control strategy in Fig. 2 , different feedback references can be designed as follows.
For Target I, to ensure no negative-sequence currents into the grid, the feedback of ROGI can be expressed as
For Target II, to remove the oscillations in the total active power, based on (17), the feedback can be obtained as While for Target III, to remove the oscillations in the total reactive power, based on (17), the feedback can be calculated as
Similar to the RSC, ROGIs are employed in the GSC control system. Since the ROGI can provide adequate gain only at 2ω 1 and attenuate other frequency components, the electromagnetic quantities, including the current, the total active and reactive power, instead of the respective pulsations can be directly controlled by the ROGI in this scheme. The twice frequency pulsations can be eliminated if the commanded value of the ROGI in the GSC can be set as zero, i.e., C * GSC = 0. During network unbalance, similar to the RSC, the d-and q-axes components of the ROGI's output are added to the d-and q-axes voltage references produced by PI controllers in the current control loop, respectively. Then, the commanded voltage of the GSC is produced to control the GSC.
Compared to the existing control strategies, including the PI + R method [13] and P + R method [23] , the proposed control strategy has the advantages: 1) simple implementations due to the elimination of the calculations of the negative-sequence current reference; and 2) fast dynamic responses due to the avoidance of the sequential decompositions of the positive-and negative-sequence components.
B. ROGI
Since the negative-sequence components appears at −2ω 1 in the (dq) + reference frame, the ROGIs are selected to control the −2ω 1 components due to the frequency discrimination capability between 2ω 1 and −2ω 1 [25] . In order to describe the advantages of ROGIs, the transfer function of the SOGI and ROGI will be given and compared in the proposed control scheme. Then, as shown in [13] and [23] , SOGI can be described as
where k s is the resonant gain, and ω c is a cut-off frequency. Based on (19) and (24), Fig. 3 shows the magnitude response of the SOGI and ROGI, in which the negative sign refers to the negative rotating direction. It can be seen that the ROGI only provides infinite gain to the 2ω 1 ac sinusoidal signal rotating in the negative direction, while SOGI provides infinite gain with both 2ω 1 and −2ω 1 ac signals. Thus, ROGI's output is a vector of 2ω 1 rotating in the negative direction, while SOGI's output is a sinusoidal scalar. Based on Eular's formula, this scalar can be divided into two components of 2ω 1 and −2ω 1 vectors rotating in the opposite direction. To make a clear comparison of SOGI and ROGI, taking the control scheme of RSC as an instance, the distinctions with ROGI and SOGI employed are discussed. In the RSC, based on (11), the torque is directly used as the feedback of the resonant controller, i.e., either ROGI or SOGI.
Assume that the torque during network unbalance can be expressed as T e = n + m · cos(2ω 1 t + ϕ 0 ), where n and m represent the average value and the twice frequency amplitude, respectively. If a SOGI is adopted, the output of the resonant controller contains not only a positive-sequence component of 2ω 1 but also a negative-sequence component of −2ω 1 in the (dq) + reference frame. Then, it can be calculated as
where U R represents the amplitude of the SOGI output Taking coordinate transformations from the (dq) + to (αβ) reference frame, (25) can be written as It is noted that the former is converted into a third-order harmonic voltage in the (αβ) reference frame, which would produce third-order harmonic currents, while the latter is converted into a negative-sequence fundamental voltage and would not produce harmonic currents.
When a ROGI is adopted, the output only contains a negativesequence component of −2ω 1 in the (dq)
+ reference frame and can be obtained as
It is pointing out that the third-order harmonic voltage is not produced under such conditions. Thus, ROGI can implement not only the 2ω 1 ac signal regulation but also third-order harmonic current elimination, which is particularly suitable for the gridconnected power conversion control with high-quality injected currents.
Since (19) has the complex j multiplier on the behalf of a cross-coupling term, its output in the (dq)
+ reference frame consists of d-and q-axes components. Its implementation in the discrete time must be presented for a DSP-based approach. Thus, based on z = e sT s , the discrete-time description of a ROGI with a pole in −ω c − j2ω 1 can be described as
where K r is the resonant gain in the discrete-time system. Fig. 4 shows the discrete-time implementation of (28), in which f i and f odq are the ROGI's input and output, and f od and f oq are the ROGI's outputs on the d-and q-axes, respectively. It can be seen that the ROGI output is a vector containing both d-and q-axes components. Furthermore, the output f odq only rotates in the negative direction. Thus, (28) can be used to implement ROGIs in the discrete time for the proposed control scheme.
C. System Implementation
In Fig. 2 , it can be seen that the collaborative control scheme for DFIG's RSC and GSC is mainly made up of two parts: phaselocked loop (PLL) and commanded voltage modulation. An improved PLL with a SOGI tuned at double the grid frequency, named R-PLL in [26] , is employed to track the phase angle of the positive-sequence voltage for the coordinate transformations.
According to Fig. 2 , the commanded rotor voltage consists of three parts: the PI output, the ROGI output, and the equivalent rotor back electromagnetic force. Then, the commanded rotor voltage for the RSC can be given as
where U PI rdq is the PI output, U R rdq is the ROGI output, and C RSC represents the feedbacks for the RSC according to (20) .
Then, the commanded rotor voltage is transferred to the rotor stationary reference frame according to the voltage phase angle θ s acquired by the R-PLL and the rotor angle θ r acquired by the encoder, which can be written as
In a similar way, the commanded voltage for the GSC can be represented as
where U PI gdq is the PI output, U R gdq is the ROGI output, C GSCx (x = 1, 2, 3) represents the different feedbacks for GSC according to the control targets, i.e., (21), (22) , and (23) .
Then, the voltage reference for the GSC is transformed from the (dq) + synchronous reference frame to the stationary reference frame using the phase angle θ g obtained by R-PLL, and it can be expressed as
Finally, with the commanded voltages shown in (30) and (32), a space vector modulation (SVM) is used to generate the required switching signal to control the RSC and GSC.
IV. IMPACTS OF THE LIMITED DC VOLTAGE
Due to the limited dc voltage, the SVM cannot provide the adequate voltages for the DFIG control requirement during larger network unbalance. As indicated in [27] , since the GSC is directly connected to the grid, there is no limited voltage issues for the GSC. Thus, this section will fully discuss the impacts of the limited dc voltage on the RSC.
According to (29) , it is indicated that the commanded rotor voltage for the RSC consists of both the positive-and negativesequence components based on the proposed method. Assuming that the initial phases of the positive-and negative-sequence 
where U sm + and U sm − are the amplitudes of the positive-and negative-sequence stator voltage, respectively. Actually, N sr is the stator/rotor turns radio and is usually set as 1/3-1/2 to reduce the current ratings of the RSC. As seen from (34a) and (34b), the required amplitude of the rotor voltage is determined not only by the rotor speed, but also by the negative-sequence value U sm − . Besides, the amplitude of the rotor voltage is affected by the fixed turns radio N sr of DFIG. In order to analyze the influence of dc voltage on DFIG control, a 2 MW DFIG is selected with the parameter as listed in Table I . Fig. 5 shows the variations of rotor voltages with different rotor speeds and network voltage imbalances. When dc-bus voltage is fixed at 1150 V, the maximum output phase voltage amplitude using the SVM technique is 664 V. From the results in Fig. 5, it when the RSC is capable of providing adequate rotor voltage, the proposed control targets can be fully achieved.
V. CONTROL PERFORMANCE ANALYSIS
In order to implement the alternative control targets, the proposed collaborative control strategy should have the excellent rejection capability on the negative-sequence voltage disturbances. Thus, in order to verify the operation capability of the proposed control strategy, the rejection capability on negativesequence voltage disturbances should be fully investigated.
Therefore, based on (4), (6), (8), (10), (12), (15), (17), and Fig. 2 , the block diagram of both DFIG's RSC and GSC is shown in Fig. 6 , where Table I . Fig. 6 presents the control block of the collaborative control of both the RSC and GSC. Since the stator voltage is aligned with the d-axis, the q-axis voltage is approximately zero, which can be neglected to simplify the analysis. Besides, to investigate the impacts caused by the negative-sequence voltage, the positive-sequence fundamental voltage can be removed [28] . Thus, according to Fig. 6(a) , in the proposed control scheme for the RSC, the transfer function from the negative-sequence voltage to the DFIG torque can be obtained as follows:
(37) Fig. 7 shows the magnitude response of F T (s) based on the generator parameters in Table I , which represents the rejection capability of the negative-sequence voltage on the generator torque with the ROGI enabled and disabled. When the ROGI is enabled, the magnitude response at 2ω 1 decreases from 42.1 to −12.4 dB, which means that the proposed ROGI-based control strategy has enough suppression capability on the torque ripples caused by the negative-sequence stator voltage.
As for GSC, the different control targets can be obtained on the basis of the total currents, the sum of the grid currents and the stator currents. Thus, the transfer function of the negativesequence voltage to the stator currents can be calculated as (38), shown at the bottom of the page. When Target I is selected to implement the balanced total currents of DFIG system, according to (38) and Fig. 6(b) , the transfer function of the negative-sequence voltage to the total current can be expressed as Fig. 8 shows the magnitude response of F I t (s) with R g = 0.001 Ω, L g = 0.25 mH. It can be seen that the magnitude is reduced to −21.8 dB, whereas it rises to 0.7 dB with ROGI disabled. Thus, the high rejection capability on the negativesequence voltage can be achieved, resulting in eliminating the negative-sequence components in the total currents.
From Fig. 6(b) , it can be noted that, when Target II and Target III are adopted, the block diagram of the GSC are similar, while only the ROGI's feedbacks are different. Thus, the transfer function of the negative-sequence voltage to the active and reactive powers can be represented in a uniform expression and is given by
Accordingly, the magnitude response of F PQ (s) is presented in Fig. 9 . Similar to Fig. 8 , the magnitude response is reduced from 57.2 to −3.4 dB at 2ω 1 with the ROGI employed. Thus, the smooth total active or reactive power can be achieved using the proposed scheme.
Thus, it can be concluded that the proposed control strategy using ROGIs can ensure a satisfactory and acceptable rejection capability of the negative-sequence voltage disturbances on the twice pulsations of selected electromagnetic quantities, i.e., the generator torque, the total current, and the total active and reactive powers.
VI. SIMULATION RESULTS
In order to validate the effectiveness of the proposed collaborative control strategy, simulation model was developed based on MATLAB/Simulink, and the system schematic diagram is shown as Fig. 10 . The parameters of the tested DFIG system is listed in Table I , where k p1 = 5, k i1 = 30, k r 1 = 10 and k p2 = 2, k i2 = 15, k r 2 = 10 are set in the RSC and GSC controllers, respectively. The switching frequencies for both the converters are 2.5 kHz. Since the mechanical time constant is much larger than the electromagnetic one, the rotor speed can be initially assumed at 1.2 p.u. in the following simulation tests. As required in [7] , the wind turbine should withstand a 2% steadystate voltage unbalance and a 4% short-time voltage unbalance. In order to illustrate the available control capability of the proposed control strategy, a larger 10% steady-state and short-time unbalance is set in the simulations. Fig. 11 shows the simulation results with 10% voltage unbalance, where the stator average active and reactive powers are set as 0.83 and 0.0 p.u., respectively. The RSC is controlled to suppress the torque ripples caused by the negative-sequence stator voltage, while the GSC is controlled with three different control targets. The control target was initially set to Target I, and then switched to Target II at 0.2 s and to Target III at 0.4 s, respectively. The proposed scheme using ROGIs was used for both the RSC and GSC in the simulation tests. As seen in Fig. 11(c) , the generator torque is kept constant with this control scheme during network unbalance. Besides, three control targets for the GSC can be achieved, respectively. For a clear comparison, Table II summarizes the measured total current unbalance, the 100 Hz pulsations of the total active and reactive powers and the dc-link voltage. When Target I is adopted, only 0.7% total current unbalance can be found, and the total active and reactive power pulsations can be suppressed to ±9.3% and ±7.5%. When Target II is selected at 0.2 s, the total active power pulsation decreases to ±0.5%. Besides, the dc-link voltage fluctuation is reduced to ±1.3%. However, the total reactive power pulsations will increase to ±16.2%. Similarly, when Target III was selected, the total reactive power pulsation is suppressed to ±1.1%, but the active power pulsations become ±16.2%.
Further tests with different control schemes were implemented to show the advantage of the proposed control scheme. As indicated in [29] , since the PI-R controller has a wider bandwidth around the fundamental frequency (50 Hz) than the P-R controller, a better and faster power tracking capability can be achieved by PI-R controller. Thus, in this paper, the PI-R controller is adopted in the simulation tests. The simulation results of these two different control strategies, i.e., the PI-R method and the proposed method, are provided in Fig. 12 during a 10% short-time voltage unbalance from 0.1 to 0.4 s. The stator active and reactive powers are also set at 0.83 and 0 p.u., respectively, the same as Fig. 11 . In this test, the RSC is controlled to reduce the torque ripples while the GSC is controlled to remove the total active power pulsations, i.e., Target II. Fig. 12(a) shows the simulation results using the PI + R control scheme. Since the decompositions of the positive-and negative-sequence components are still involved in the calculations of the negative-sequence current references, the dynamic responses would be deteriorated with a longer transient process. As shown in Fig. 12(B) (d) and (e), the generator torque and the total active power has a relatively smooth transient process than those in Fig. 12(A) . This is mainly because the generator torque and the total active power are directly controlled in the proposed control scheme. Besides, the calculations of the negative-sequence current references are eliminated, which can assist the DFIG smoothly back to the normal operation. It can be also seen that the collaborate control of both the RSC and GSC can improve the overall DFIG system performance under unbalanced grid voltage conditions, by reducing the torque ripples and removing the total active power pulsations. Besides, the dc-link voltage fluctuations are also suppressed.
VII. EXPERIMENTAL VALIDATIONS
Experimental tests were carried out on a laboratory setup of 1.0 kW DFIG system with the parameters and configurations as shown in Table III and Fig. 13 , respectively. In this setup, the generator is driven by an induction motor and a Chroma programmable ac source 61704 was used to simulate the unbalanced supply. Both DFIG's RSC and GSC are controlled separately by two TI TMS320F28335 DSPs with a sampling frequency of 10 kHz. The SVM technique is used to generate the switching pulse with a switching frequency of 10 kHz. In the following tests, the average stator active and reactive powers are set as P s0 = 1000 W (export of active power from the generator to the network), Q s0 = 0 Var, respectively. The DFIG speed was initially fixed at 800 r/min (0.8 p.u., equivalent to 40 Hz), where the synchronous speed is 1000 r/min. The voltage imbalance is around 5.4% and the preexisting fifth and seventh harmonic components are 0.97% and 0.52%, respectively. Besides, all the waveforms are acquired by a YOKO-GAWA DL750 scope recorder. Fig. 14 shows the steady-state performance of DFIG on the proposed control. In Fig. 14(a) , the conventional PI controllers are used for the RSC and GSC. The rotor current contains 90 Hz (50 + 40 Hz) due to the opposite direction of the negativesequence rotor current. Considering that the fundamental frequency in rotor winding is 10 Hz (50 − 40 Hz), this negativesequence component can be regarded as ninth-order harmonic component which is about 4.5%. The stator active and reactive powers contain significant 100 Hz oscillations, which are around ±9.1% and ±12.5%. Most importantly, the torque ripples increase to ±9.6%, which may pose the great stress on the drive train. Fig. 14(b)-(d) shows the experimental results of the three control targets with the proposed control scheme. Since the control target for the RSC is selected to suppress the torque ripples, the torque ripples can be suppressed to ±1.0%. When Target I for the GSC is adopted, the imbalance of total currents was reduced from 8.2% to 1.3%. By selecting Target II, the total active power oscillations decreased to ±1.1%, while the total reactive power oscillations increased to ±7.2%. For Target III, the total reactive power oscillation was ±1.2%, and the total active power oscillations rise to ±8.1%. Since the larger dc capacitor provides the adequate buffer for the energy transmission, the dc voltage fluctuations are not apparent here.
A. Steady Responses
The total current unbalance, the 100 Hz pulsations of the generator torque ripples, the total active and reactive powers in Fig. 14 are listed and compared in Table IV , where three control targets were adopted. It is evident that the results demonstrate the availability of the proposed control strategy in reducing torque ripples, or depressing the outputted current unbalance, or smoothing the total generated powers.
B. Transient Response
Further tests were carried out to discuss the system dynamic responses with the proposed control strategy. According to the operation of practical DFIG systems and network requirements, the torque and the total active power outputted into the grid are the main attentions. Thus, Target II is selected for the GSC control objective and the RSC is controlled to reduce the torque ripples in this test. Fig. 15 shows the dynamic responses where the operation condition is the same as that in Fig. 14 . The dynamic responses of the DFIG system at the moment of the negative-sequence voltage appearing are shown in Fig. 15(a) . When the grid voltage unbalance occurs, the torque ripples and total active power pulsations can still be controlled within ±1.1% and ±1.0%, respectively. Besides, step changes of the output active power from 1000 to 500 W, and then back to 1000 W are exhibited in Fig. 15(b) . As seen, the proposed control strategy can still ensure the constant generator torque and constant power from the overall system during network unbalance.
From Figs. 14 and 15, it is noted that the proposed collaborate control strategy with ROGIs can effectively mitigate the negative impacts caused by the voltage disturbances for the overall DFIG system so as to meet the grid requirements. Besides, it is capable of providing both acceptable steady-state performance and satisfactory dynamic responses for the overall DFIG system during network unbalance.
VIII. CONCLUSION
This paper proposes a collaborative control for DFIG's RSC and GSC under unbalanced grid voltage conditions. The RSC is controlled to reduce torque ripples, while either the current unbalance, or the oscillations in the total active or reactive power is suppressed as the different control targets for the GSC. The ROGIs in the positive synchronous reference frame were employed to restrain the pulsating components. Furthermore, the proposed control scheme using ROGIs can provide: 1) simple implementation without the calculations of the negativesequence current reference; and 2) fast dynamic responses due to the avoidance of the sequential decompositions. Finally, simulation and experimental results during network unbalance are given to validate the feasibility and availability of the proposed collaborate control scheme.
